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» The Higgs at the LHC
» The ILC accelerator and detectors

» Higgs physics at the ILC
B Fermions
B Self-coupling
B Top Yukawa
B Combined Fit

» Summary
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Production & decay measured to be compatible with SM Higgs: precision [20-60]%
Observation of boson decay modes: yy, WW, 77

Direct coupling to fermions not fully established: H—tzr 5.50 (exp 50), H—bb 2.60 (exp 3.70)
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IN OTHER WORDS &) (NN

Looks like SM
More precision Is needed
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The ILC accelerator and
detectors
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The ILC Accelerator o Opntet b et S 19
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TDR Baseline: 31 km - ~500 GeV
Upgrade option to ~1 TeV

« TDR has been delivered in 2012

« Candidate site in Japan has been studied
« Technology being installed in XFEL at DESY

- Layout being targeted towards site
From the P5 report: As the physics case is extremely strong, ...
Recommendation 11: Motivated by the strong scientific importance of the ILC and the
recent initiative in Japan to host it, the U.S. should engage in modest and appropriate
levels of ILC accelerator and detector design in areas where the U.S. can contribute
critical expertise. Consider higher levels of collaboration if ILC proceeds.

Jan Strube - PNNL and UOregon 2017-08-03 6
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Recent developments: Staging options

Turnaround &
Bunch compressors

500GeV TDR:

Staging options under discussion:
Example(s): Tunnel like in TDR, stage 1 with fewer cryo modules.

125Ge\/ e Vet

Option E: @\C}_— 1 o)
125GeV ¢. .

Option F: “—:‘:‘;‘ZM )

For more details, see talks by B. List, S. Michizono @ AWLC17

Jan Strube - PNNL and UOregon 2017-08-03 7
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ILC Staging scenarios
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years years

end of 250 stage
- Start at 250 GeV

*  Runs at 500 GeV for full program, 350 GeV for higher precision of top properties
* Other thresholds possible, informed by LHC or early ILC Data

« Goal: per cent-level precision on (most) Higgs couplings

* Possible upgrade to 1 TeV

« improve ttH, self-coupling measurements, searches for new particles

Jan Strube - PNNL and UOregon 2017-08-03 8
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Detectors not
at same scale

5 T field 3.5 T field
Silicon Tracking Gaseous Tracking
Pixelated Si-W ECAL
Highly Granular HCAL
Optimized for Particle Flow (calorimeter inside coil)
No Trigger

Shared Beam Time in Push-Pull setup
Both can deliver the physics. Now working toward TDR

Jan Strube - PNNL and UOregon 2017-08-03
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Detector Requirements are driven

by Higgs physics
primary vertices in tth events
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Exceptionally good impact
parameter resolution, time
stamping, material budget
in the vertex detector

— R&D ongoing to meet
all of these requirements

ZH — p+y- + anything
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Extremely low material

budget in the main tracker,

Arbitrary Units

with high tracking efficiency

o(1/p) ~ 2.5 x 10°

Jan Strube - PNNL and UOregon

~
T T T | T T T I T T T | T T T
|

O rf AT IR AT A

o

Pacific Northwest
NATIONAL LABORATORY

Proudly Operated by Battelle Since 1965

W-Z separation

—O0/m=1% A
—Op/M =2.5% 1
—0m/m=5°/o n
—0/m=10% 7
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Mass [GeV]

Not only good
calorimeter resolution,
but excellent track-
shower matching and
shower separation

2017-08-03 10
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Volume 1 — Executive Summary: THE INTERNATIONAL LINEAR COLLIDER
http://arxiv.org/abs/1306.6327 N
Volume 2 — Physics: "
http://arxiv.org/abs/1306.6352
Volume 3.1 — Accelerator R&D in the
Technical Design Phase:
http://arxiv.org/abs/1306.6353
Volume 3.11 — Accelerator Baseline Design
http://arxiv.org/abs/1306.6328
Volume 4 — Detectors:
http://arxiv.org/abs/1306.6329

Jan Strube - PNNL and UOregon 2017-08-03 11
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Physics with Higgs bosons at
the ILC

Input to the studies in the following slides is largely based on detailed detector simulations
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Higgs Production at the ILC Pacific Northwest |
Baseline of 500 GeV Proudly Operated by Batielle Since 1965
P(e, e*)=(-0.8, 0.3), M _125 GeV
AHiggSprOgramiHSStageS 400-|||| |||||||||"||||||||||_||||"
' i u u — SM all ffh
— - —Zh 7
O . .
=300} — WW fusion 4
- ZZ fusion ]
9
O
Recoil method: ILC staple at all stages 200
Z = |l for precision n
Z — qq for higher cross section g
2100 . owi
O ______

0
200 250 300 350 400 450 500

Vector boson fusion cross section
increases at higher energies ( (GeV)

Jan Strube - PNNL and UOregon 2017-08-03 13
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Higgsstrahlung at the ILC
Phys. Rev. D 94, 113002 (2016)

w 500 ————

-'GC_J, E (a) —®— Toy MC Data E

Lﬁ 400 — Signal+Background _|

E """ Signal E

300 - e Background ]

E g'+e — uu + X @ 250 GeV E

1/2 200 | —

2 2 R i

Mrecoil — ((\/5 - EZ) T PZ) B ]

100 g™ | . 7 .

Well-known initial state at ILC allows ; i
to measure the Higgs in a model- - TS -

(o] R————" R [
independent way: Reconstruction 10 120 ::{30 | I\/1I4O - 1\5/(; ,
efficiencies are independent of the ecoil Mass (GeV/c?)

final states to within < 1% This method has the smallest

Sensitivity to invisible decays, uncertainty near threshold.

certain CP violating scenarios

Jan Strube - PNNL and UOregon 2017-08-03 14
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Comparison with the LHC i pts s s
Projected Higgs coupling precision (7-parameter fy
As we heard on Monday, the ', fmiimmanimss
expected deviation of Higgs 89% I contoso s
couplings from the SM are 7%
~5%, depending on the 6%
model. 5%
4%_ :
The HL-LHC program will >
measure several Higgs 21j
couplings to <10%. 0%L

K, Ky kK, K, K, K,

The ILC program will improve  The combination of HL-LHC and ILC
upon this precision by ~ one improves the ®, measurement by

: nearly one order of magnitude.
order of magnitude.

Jan Strube - PNNL and UOregon 2017-08-03 15
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Motivation for an effective field theory

» The most common formalism to interpret the measurements of Higgs
branching ratios (times cross section) is the u — formalism
» seven parameters: 0kz, 0Ky, 0Ky, OKe, OKg, 0Kz, 0Ky,
B multiply the SM Higgs couplings 9naz = naa(l +dka)
M use HL-LHC projection forH = yy/H — ZZ
M for the ILC: add two parameters for invisible and other couplings

2 2

my, My
]’LZMZ'u -+ RKw
v v

This approach is appropriate for the fermion couplings.
However, it is not the most general for WW and ZZ couplings

— Effective Field Theory to account for effects of new physics (dim-6)
B 10 new parameters c, related to Higgs couplings (84 new parameters total)
B allows to connect measurements to model

2
5L = iy hw, W

Jan Strube - PNNL and UOregon 2017-08-03 16
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Effective field theory approach

With an effective field theory, the deviation from the SM Lagrangian can
be written as

sensitive to spin
structure, can not
be probed by

u - formalism

o(eTe” = Zh) = (SM) - (1 + 1y + 5.5(y)
I'(h — WW*) = (SM) - (1 + 20w — 0.78Cw)
T(h — ZZ*) = (SM) - (1 + 215 — 0.50(y,)

h
additionally, we have: 0L = (4, —A,,, Z""
v

— This leads to a formalism that lets us probe new physics models with

polarized beams and precision measurements at different energies
Jan Strube - PNNL and UOregon 2017-08-03 17
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The Higgs width at the ILC

For precision measurements, at some point AT, becomes a limiting factor
Standard Model: AT, = 4 MeV

At the LHC: Use rate of off-shell H — ZZ: o(T'y) = 22 MeV,

At the ILC: Use the fact that the same tree-level coupling enters production and
decay and that ZH cross section can be measured inclusively W+

et U,

JHww in bOth, H -ccceeeea- ShWW
production and
decay

. _ I'H— WW) ~ @ O( Oy X BR(H = bb)
H BR(H — WW) BR(H N WW) gi77 ozu X BR(H — bb)

Expected Precision at full ILC: AT, /Ty=1.4%  Aguyww/ Quww = 0.28%

Jan Strube - PNNL and UOregon 2017-08-03 18
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Coupling fit in EFT

» At ILC250, the t-channel diagram contribution is too small
B Could use Higgs decays to Z, but SM branching ratio is only ~2.5% ...

» With EFT, we can use the full expression for the ZH cross section

o 21 m3  2ky 21 E% L2y 2 [142042 3vV/sEz/m?
3¢ (s—m%) /s m? z (2+ E%/m?%)
Z Z z/[ Mz
1
For a fully polarized Qzr = (5~ So) s an=—cu/2
e, e*r initial state 2 — m2
=R by =2 (1+ 1/2? =) (8cww)
2
= (— — 2
For a fully polarized Qzr=(=5u) , a2R cu/
e e’ initial state br = c2(1 — S sz)(8c___w) .

angular analysis of the ZH recoil could be used, but has less discriminating power

Jan Strube - PNNL and UOregon 2017-08-03 | 19



Model-independent w7
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measurements at the ILC o Oromt s e o 1

(EFT fit)

1

- B 1LC 250 GeV, 2000 fb' ® LHC 3000 fb" -

HL-LHC program will
measure several Higgs
couplings to <10%

1L 500 GeV, 1000 b
®250 GeV, 1000 fb™ ® LHC, 3000 fb™

The ILC program will
Improve upon this
precision by ~ one order
of magnitude.

Precision of Higgs coupling and witdh [%]
O N WP~ O1 ON 0 OO

g(HZZ) g(HWW) g(Hbb) g(Hgg) g(Hyy) g(Htt) g(Hee) g(H) g(Huu) Ty T

ILC will add measurements. Studies can be carried out in
a self-contained and model-independent way

Jan Strube - PNNL and UOregon 2017-08-03 20
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2ab™!  2ab™! 5ab™! 10ab7! full ILC

w. pol. 350 GeV no pol. mno pol. 2504500 GeV
g(hbg) 1.46 1.09 1.03 0.81 0.58
g(hce) 2.06 2.08 138 1.04 1.12
g(hgg) 1.91 1.66 1.29 0.98 0.92
g(hWW) 1.00 0.45 0.78 0.66 0.28
g(hTT) 1.56 133 109  0.85 0.76
g(hZ2) 098 044 . 076  0.65 0.27
g(hyy) 1.37 1.08 1.21 1.12 0.99
g(hpp) 12.8 7.56 8.11 5.75 8.63
g(hbb) [g(RWW)  1.08  0.97  "0.68  0.48 0.49
g(RWW)/g(hZZ) 0.034  0.038 0037  0.036 0.018
Iy, 3.12 2.32 2.34 1.69 1.39
o(ete™ — Zh) 0.70 030 044 0. 31 0.47
BR(h — inv) 034 050 024 019 0.32
BR(h — other) 1.60 1.29 1.02 0.73 0.94

Jan Strube - PNNL and UOregon

2017-08-03 | 21
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Discovery Potential for new
physics of the ILC250
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Invisible Higgs Decays
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e Z
Invisible Higgs decays occur in the SM, e.g. BR (H = ZZ — 4v) ~ 0.4%
Higgs decay to e.g. neutralinos is kinematically allowed, if 2my < m,,

eyt S ' ' Ll ! ' -
T T - - 172z ]
25 D signal wuH, H-+Inv. 8 ILD Simulation == WW .
1 Vs = 250 GeV Ewz .
- Background N : B evW 7]
-~ pOI(e ,e') = (+08,‘03) CwH .
20 [ Jum,mesm a1 250 o B qqH -
c [ qqH,H—=4v ]
°>’ 1 [ H—invisible BF 102 -
w

P(e-,e+)=(+0.8,-0.3)

A. Ishikawa
Z = qq

Entries

Z = py

IIIlIIIIlIIIIIIIIII

q2 A .4 POO - 1;0 . s

Recoil Mass / GeV 130 140 150 160
Recoil Mass [GeV]

Dominant background channels + 25x SM signal

HL-LHC predictions: < 6-17%
ILC Sensitivity down to ~SM prediction in full ILC program: 95% CL: BF < 0.27%

Jan Strube - PNNL and UOregon 2017-08-03 | 23



Discovery potential for new physics
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With the full EFT fit, including constraints from LHC and e*e- — W*W-, we can

test the sensitivity to new models that escape the HL-LHC bounds.

Model bb CC

WWw

99 T ZZ Y
1 MSSM [34] 48 08 -08 02 104 05 101 +03
2 Type Il 2HD [36] +10.1 -0.2 -0.2 00 498 0.0 +0.1 498
3 Type X 2HD [36] 02 02 -02 00 +78 00 00 +7.8
4 Type Y 2HD [36] +10.1 0.2 -0.2 00 02 00 01 -0.2
5 Composite Higgs [38] 64 64 -64 -21 -64 -21 -2.1 -64
6 Little Higgs w. T-parity [39] 0.0 00 -61 -25 00 -25 -1.5 00
7 Little Higgs w. T-parity [40] -78 -46 -35 -15 -78 -15 -1.0 -7.8
8 Higgs-Radion [41] -5 -15 10. -1 -1.5 -1.5 -1.0 -1.5
9 Higgs Singlet [42) 35 -35 -35 -35 -35 -35 -35 -35

We can now define a y?, for each pair of vectors of SM deviations:
(x)ap = (¢4 — ¢5) [VCVT]™! (g4 — gg) The significance of separating two

Deviation of Higgs couplings from the Standard Model, in %

models is then ~Vy?

Jan Strube - PNNL and UOregon

2017-08-03 | 24



Discriminating power between new 7

Pacific Northwest

physics models — 250 GeV ot oty s
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" E
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2
Singlet
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Jan Strube - PNNL and UOregon 2017-08-03 25



Discriminating power between new 7
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physics models — full ILC program i pts s s
20
s f_f
o ILC, full stage 18 =
H-20-CD 16
2HDM-I /o/‘ _,C:,)
SHDM.X Q/. Higgs and cTGCs 14 T
"/ #~EFT interpretation 12 °€
2HDM-Y @ R =
10
Composite /0 8
8 » —
LHT-6 6/‘ o
5 =
LHT-7 ‘P 8
g
Radion
2
Singlet 4.1
0

C .S
St M0 50M 5 On, P moog T 1T Fadto Moty

Jan Strube - PNNL and UOregon 2017-08-03 26
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ILC500 and beyond
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Top Yukawa coupling at the ILC

e

e
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R (R S
:ﬁﬁ%ﬁ@ytﬁfyt'ﬁﬁfﬁﬁﬁ"ﬁﬁfﬁ][fffffffﬁf:

Scaled to values at 500 GeV

—
Q

1ab @SOOGeVP(e e)(0803)
i i q=0-485 fb i
::::::1':::::::::::::::_:::::::ﬁy‘/,y]::gﬁ/o:::;:::::,__
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\s/ GeV

NATIONAL LABORATORY

Proudly Operated by Battelle Since 1965

-
o

s

i i ILC Coupling:Htt {— H20-dBS
8l _.....EFT interpretation . |
-+ LHC | ; -

1— H20-E-dBS

coupling precision [%]

1— H20-CD-dBS
t - -
2t 1— H20-F-dBS

0 510 15 20 25

years

Coupling measurement at ILC500: 18%,
In full program w/ luminosity upgrade: 6.3%

Important to reach at least 500 GeV.

Potential at higher energy:

Coupling measurement in full program ~3%

Jan Strube - PNNL and UOregon

2017-08-03 28



Top Yukawa couplingata1 TeV ILC

doi:10.1140/epjc/s10052-015-3532-4

Main production channel of ttH at ILC

ttH channel not sensitive to
top Yukawa coupling,~4% effect

et t

Analysis in 6-jet+lepton and in 8-jet mode

Main background processes:

Other Higgs decays, ttZ, ttbb, tt

4% with 1 ab-! at 1 TeV with only left-handed

polarization.

Expected precision with full ILC program +

Energy upgrade: 2%

Jan Strube - PNNL and UOregon
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60 T T
sof [ ftx 0.5
- -tz
401 -+ ttbb -
: -~ other ttH
0 —Signal ]
20} E
10] 1
0 % i ‘-.?:@"‘ L -?-"@\'::;:' Lo o]
50 100 150 200 250
Higgs candidate mass (GeV)
60 e t! x 0.5
N
<t ]
40 - other ttH
— Signal
20 v -
0 L L L -} L A & L L L L L L L
100 200 300 400

top candidate mass (GeV)

2017-08-03 | 29



o

Pacific Northwest
NATIONAL LABORATORY

Tri -L i n ea r H i g g S S e If-C O u p I i n g Proudly Operated by Baftelle Since 1965

1 1
V = imfl@%l + Av®P; + ZMI)?{

In the SM, self-coupling terms fixed by mass. Other models can lead to
potentially large deviations. Important to measure independently.

. 24_'"'l""l""l""l""l""_
At the IL(?. Measure t_he rate of 2  ZHH @ 500 GeV .
double Higgs production S K )

A — vwHH @ 1 TeV
ZHH (500 GeV) or HHvv (1 TeV) Sl —_— © 4
E F P(e+,6-)=(0.3,-0.8): — Higgs-strahlung (ZHH) . : i i
» 05F — WW-fusion (v v,HH) 2 1TeV 1 BSM @ 500GeV ]
c F Ple+.e)=(0.6,-08): ... Higgs-strahlung (ZHH) ‘ R it A > i
S o4F --- WW-fusion (v ¥ ,HH) [ ! ]
0O C m, =125 GeV R i -
o C 1l -
g OF e : E ;
B 02 :_ .......................... B : i
0_15_ 4 0- i | N EPPEPEP EPEPEPEP B
. 0 0.5 1 1.5 2 2.5 3

0 [ 1

1 arilPEPEE R P B I
400 600 800 1000 1200 1400
centre of mass energy [GeV]

A/ Agy
Deviations in A lead to a change in cross section

Jan Strube - PNNL and UOregon 2017-08-03 | 30



Measurement of double Higgs Production >~
at the ILC bl et e

Very challenging experimentally: Low

signal rates, high multiplicity. 50 e a2
b— tagging, Jet CIUStering... 50 — I100I — I150I — Igoo
— 140 — : — - M(H1)/GGV
OE' 120 \ \ \ Mass resolution in double Higgs production
:8 100 \\ \\ \\ and dominant background at 500 GeV
© gof L ;
°'£ cof \ \\ . Experimental precision limited
L ok .p(e'>.=3>{\\ 5 by jet clustering.
pof MO § Estimate with ILC500 : 27%
e ——— Estimate with ILC1000: ~10%

years
Jan Strube - PNNL and UOregon 2017-08-03 31
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» The LHC experiments have discovered a Higgs boson consistent with
various BSM models

» It will take ILC precision to really use the Higgs as a tool for new
discovery, as recommended by P5
B Precision measurements are an integral part of the ILC physics program.
BSM searches, top properties and Higgs physics are tightly coupled thanks
to this precision
» The staging options allow us to make a compelling case for this
machine
B Very high discovery potential for new physics at the first stage at 250 GeV

B The extensibility of the machine allows us to unlock the full potential in
additional stages that improve measurements of top properties, Higgs self-
coupling and allow additional searches for new particles

Jan Strube - PNNL and UOregon 2017-08-03 32
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» The numbers presented here are based on realistic simulation studies
including beam background, with today’s reconstruction methods.

» The LHC experiments are demonstrating how much clever approaches in
analysis and reconstruction can improve error bars.
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Global Fit of Higgs couplings

Projected precision of Higgs coupling and width (model-independent fit) pa I"a m ete I" I LC 50 I LC 50 0
10% — .
» . ILC 500 GeV, 500 fb' @ 350 GeV, 200 f' ® 250 GeV, 500 fb” 9& °O _ 0 L u m I U p
9% ILLC 500 GeV, 4000 f5" ® 350 GeV, 200 16" @ 250 GeV, 2000 15" - - |l o —

gop [ Mueomucomw omnner o W _ Iy 3.8% 1.8%
A B o - g(HZZ)  0.58% 0.31%
I R N e ] g(HWW)  0.81% 0.42%
AT I N D g(Hbb)  1.5% 0.7%
s (I B I = s g(Hcc) 2.7% 1.2%
2%l gl ] g(Hgg) 2.3% 1.0%
;; _KK """ K""K"K 'K""K "K | "r r~ g(TT) 1.9% 0.9%
S A g(Hyy) 7.8% 3.4%

Y 0
Best measurement of cross section: gC(va)+LH 1.2%  1.0%

O from recoil method. Error < 2.5%
Hup) 20% 9.2%

(
g(Htt) 18%  6.3%
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Precision Measurements
are not optional

Higgs Coupling Deviation from SM

15%
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5%

0%

-5%

-10%

-15%

Supersymmetry
(MSSM)

MSSM (tang =5, M, =700 GeV)

t b T C Z W

I ILC Projection [Ref. arXiv:1310.0763]
250 GeV, 1150 fb' ® 500 GeV, 1600 fb”

15%

10%

-5%

Higgs Coupling Deviation from SM

-10%

-15%
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Composite Higgs
(MCHMS5)

MCHMS (f = 1.5 TeV)

t b T C VA W

I ILC Projection [Ref. arXiv:1310.0763]
250 GeV, 1150 fb' ® 500 GeV, 1600 fb"*

ILC 250+500 LumiUp
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Status of Machine and Detectors

v

The ILC accelerator has completed its TDR
A potential site has been identified

In Japan, the prime minister is aware of this project, and the possibility to host is
being investigated

» Staging gives us a credible option that can be proposed for funding

\ A 4

» Two Detector concepts have been designed to deliver high-precision physics
B Measurements of Higgs properties drive the design on many fronts

» The concept groups are moving towards the start of a TDR process
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Higgs to b and c quarks, gluons

* Higgs decays to jets 5 e 5 ' o
benefit from excellent 8 o Uit 8 o .
vertex detector =R . S

. Lo o Q.o
* b-and c-tagging =1 O -
- Jet-clustering after vertex  ,ps! e ; Y
. . g o E S - bjets
finding as to not break up Y : b . uds jets |
I 9% 02 04 06 08 1 102 04 06 ‘018‘ B
the vertices
Tagging efficiency Tagging efficiency

« Branching ratios extracted
simultaneously with
template method

h— others

Measurement precision goals:
g(Hbb) = 0.7%
g(Hcc) = 1.2%
g(Hgg) = 1.0%

08 1 . 08 1
4 o'g_\-\kenBSS . > 0.4 0-\‘;_“\@\'\9,55

08 1
.4 o-g_“keness
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Higgs Decay to 7 Leptons Pacific Northwest |

Nucl.Instrum.Meth. A810 (2016) 51-58 Proudly Operated by Baffelle Since 1965

» Ideal probe for new physics: Sizeable BR, well-known t mass, CP properties in
angular analysis

» Reconstruction in hadronic recoil: qq t 7
» Analysis steps: t “jet” finder, jet charge
» Collinear Approximation:

B Visible t decay products and v are collinear
B No other source of missing momentum
B Result: 1.9% baseline, 0.9% luminosity upgrade

Jan Strube - PNNL and UOregon 2017-08-03 39



Reconstruction efficiency in recoil —
Independent of the final state

Phys. Rev. D 94, 113002 (2016)

o
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Proudly Operated by Battelle Since 1965

Cuts are tuned to be independent of the final
state. Decays to unknown particles are assumed
to introduce a bias that is no larger than the
largest measured bias to SM final states (yy).

H— XX bb cc gg 7 | WW* | ZZ* Yy N4
BR (SM) 57.8% | 2.7% | 8.6% | 6.4% |21.6% | 2.7% | 0.23% | 0.16%
Miee € [110,155] GeV |88.25% (88.35% |87.98% |88.43% |88.33% |88.52% 88.21% | 87.64%
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